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ABSTRACT. The work confirms that (i) lead-zinc (Pb-Zn) polymetallic ores in the Rhodopes region contain antimony (Sb) in concentrations higher than the Clarke 
number and (ii) the flotation beneficiation of these ores concentrates Sb in Pb concentrate. The initial leaching experiments with 2 M nitric acid, 2 M sulphuric acid alone 
and mixed with sodium chloride (1 M), and 2 M sodium sulphide (Na2S) in 1 M sodium hydroxide (NaOH) solutions were carried out at a temperature of 90-95 oC. Only 
2 M Na2S in 1M NaOH solution practically does not leach lead. Initial treatment of the material with a solution of sulphuric acid containing sodium chloride, followed by 
neutralisation and contacting with an alkaline sodium sulphide solution is pointed (at a proof-of-concept level) as an possible approach for antimony leaching, with 
minimal leaching of lead. 
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ПЪРВОНАЧАЛНО ПРОУЧВАНЕ НА ИЗЛУЖВАНЕТО НА АНТИМОН ОТ ОЛОВЕН КОНЦЕНТРАТ 
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РЕЗЮМЕ. Работата потвърждава, че (i) оловно-цинковите (Pb-Zn) полиметални руди в района на Родопите съдържат антимон (Sb) в концентрации, по-високи 
от числото на Кларк, и (ii) флотационното обогатяване  на тези руди концентрира Sb в Pb концентрат. Проведени са първоначални експерименти за излужване 
с 2 M азотна киселина, 2 M сярна киселина самостоятелно и смесена с натриев хлорид (1 M) и 2 M натриев сулфид (Na2S) в 1 M разтвор на натриев хидроксид 
(NaOH) при температура 90-95 °C. Само 2 M Na2S в 1M разтвор на NaOH практически не излужва олово. Първоначалното обработване на материала с 
разтвор на сярна киселина, съдържащ натриев хлорид, последвано от неутрализация и третиране с алкален разтвор на натриев сулфид, е посочено (на 
ниво доказване на концепцията) като евентуален възможен подход за излужване на антимон, с минимално излужване на олово.  
 
Ключови думи: антимон, излужване, оловен концентрат. 

 
Introduction and theoretical background 
 

Antimony (Sb) is used as a flame retardant in rubber, plastic, 
textiles, paper, etc.  Along with its compounds, it is applied as a 
stabiliser and catalyst in the chemical industry. One of the main 
uses of Sb is in production of high mechanical strength lead-
antimony (Pb-Sb) alloys applied in automotive lead–acid 
batteries and in construction (Nishad and Bhaskarapillai, 2021; 
Dembele et al., 2022; U.S. Geological Survey, 2026).  

Recently, antimony and its compounds have been studied 
as materials suitable for application in renewable energy 
sources, such as solar cells, lithium and sodium ion batteries 
(Parize, et al., 2017; Nie et al., 2021; Moolayadukkam et al., 
2022; Wu et al., 2024).  

Antimony supply is at high risk due to the geographical 
concentration (sometimes in politically unstable countries) of the 
natural ore deposits and global production. The leading country 
of antimony production is China, ensuring 36.4% of the world’s 
total production for 2025. The reserves are concentrated in 
China (41%), Russia (17%), and Bolivia (15%) (U.S. Geological 
Survey, 2026). The Sb supply vulnerability increases because it 
is recovered as a by-product from lead, copper, silver, and gold 
minerals. An increasing demand for antimony and its 
compounds is expected and if the present extraction rate is 
maintained, it is anticipated that the extractable global resources 
of Sb will be exhausted by 2050 (Henckens et al., 2016).  

All of the above explain why antimony is included in the 2025 
USA list of critical raw materials (CRMs) 
(https://www.usgs.gov/programs/mineral-resources-
program/science/about-2025-list-critical-minerals), as well as in 
the 2023 European Union list of CRMs (European Commission, 
2023).  

Stibnite (Sb2S3) is the most important antimony mineral from 
an industrial point of view. Other Sb-bearing minerals of 

industrial interest are jamesonite (Pb4FeSb6S14), tetrahedrite 
(Cu12Sb4S13), zinkenite (Pb9Sb22S42), boulangerite (Pb5Sb4S11), 
bindheimite (Pb2Sb2O6(O,OH)), as well as lead sulphide ores 
(Anderson, 2012; Dembele, 2022). 

Antimony is extracted from its primary resources through 
pyrometallurgy or hydrometallurgy. The particular 
pyrometallurgical process used depends on the grade of the Sb 
concentrate to be treated (Anderson, 2019; Moosavi-Khoonsari, 
2022). 

Antimony is recovered from low-grade ores and industrial 
process residues by hydrometallurgical technologies 
(Anderson, 2019). Aqueous solutions and proper chemical 
reactions are used to leach valuable metals in the pregnant 
leach solution (PLS). After the PLS purification, the aimed 
metals are recovered through diverse chemical and 
physicochemical processes. 

Hydrometallurgical recovery of Sb employs mainly two 
lixiviant types - acidic chloride containing systems and alkaline 
sulphide systems (Anderson, 2001).   

Mainly HCl solutions are used by the industry, often together 
with ferric chloride (FeCl3). The following generalised reactions 
proceed (as an example for stibnite) (Ye, 2019): 

Sb2S3 + 6HCl → 2SbCl3 + 3H2S 
6FeCl3 + Sb2S3 → 2SbCl3 + 6FeCl2 + 3S0. 
Ferric chloride is used as an oxidising and chloridising agent 

that transforms the antimony sulphide mineral into a chloride 
complex. 

However, HCl solution and its mixture with FeCl3 are highly 
corrosive (Noor and Al-Moubaraki, 2008; Nwokocha and 
Burleigh, 2024). In addition, these solutions are able to 
effectively dissolve galena (Dutrizac, 1986; Baba and Adekola, 
2011; Nnanwube et al., 2018).  

Different complexes are obtained at 25 °C - PbCln2−n (0 ≤ n 
≤ 4) - while at elevated temperatures of 300 °C the predominant 
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species are PbCl+, PbCl20, and PbCl3− (Seward, 1984; Luo and 
Millero, 2006).  

A mixture of sodium sulphide (Na2S) and sodium hydroxide 
(NaOH) is the lixiviant used in the alkaline leaching. Sodium 
thioantimonite (Na3SbS3) is formed as described by the 
following reactions (Anderson, 2001):  

Na2S + Sb2S3 → 2NaSbS2 
NaSbS2 + Na2S → Na3SbS3. 
Elemental sulphur, naturally available in minerals, dissolves 

in NaOH to form sulphur species (sulphide - S2−, sodium 
thiosulphate - Na2S2O3, and sodium polysulphides - Na2Sx) that 
can also act as a lixiviant for antimony: 

4S0 + 6NaOH → 2Na2S + Na2S2O3 + 3H2O 
(x − 1)S0 + Na2S → Na2Sx (where x = 2 to 5). 
Polysulfide oxidises sodium thioantimonite to sodium 

thioantimonate (Na3SbS4) that is the main species found 
generally in the solution: 

Na2Sx + (x − 1) Na3SbS3 → (x − 1)Na3SbS4 + Na2S. 
The addition of NaOH prevents Na2S hydrolysis and also 

solubilises stibnite (Dembele et al., 2022): 
Sb2S3 + 2NaOH → NaSbS2 + NaSbOS + H2O. 
Although the alkaline sulphide leaching is considered very 

selective for antimony, it still possesses some drawbacks. 
According to some studies (Multani et al., 2016), when Sb 
minerals occur with galena, sphalerite, pyrite, NaOH is able to 
leach these minerals to form correspondingly the soluble 
plumbite (Na2PbO2), zincate (Na2ZnO2), and iron hydroxide 
(Fe(OH)2) that can cause a certain loss of the reagent.  

In industry and the predominating part of the studies 
devoted to Sb leaching from low-grade Sb minerals or from 
industrial waste, the Sb concentrations are considerably higher 
or co-measurable with the lead concentrations in the studied raw 
material. However, if the Sb is in materials containing high lead 
concentrations and very low Sb concentrations, as is the case 
with Pb concentrate, then the task is to leach the antimony into 
an aqueous solution, avoiding considerable leaching of lead 
from the concentrate. 

In nature, Sb is often interconnected with ores of lead and 
zinc base metals (Reuter et al., 2019). Some Bulgarian 
geological studies point out the Sb presence in lead-zinc ores in 
the Rhodopes (Dimitrov, 1988; Marchev, et al., 2005; Popov and 
Popov, 2019).  

Antimony often concentrates alongside lead in galena (lead 
sulphide) concentrate. This occurs because antimony frequently 
forms mixed sulphide or "sulphosalt" minerals (such as 
boulangerite or tetrahedrite) that naturally float alongside galena 
during the ore processing and concentration phases (Cao, et al., 
2018; Megaloudi et al., 2021).  

It is known that galena (PbS) dissolves in nitric acid (HNO3) 
due to the acid's highly oxidising nature, converting lead 
sulphide into soluble lead nitrate, nitrogen oxides, and elemental 
sulphur (Halikia, et al., 2002; Strunnikov and Koz'min, 2005). 
However, the oxidation of sulphide sulphur to elemental sulphur 
and sulphate may cause certain passivation of the galena 
surface (Pashkov et al., 2002; Nnanwube and Onukwuli, 2025).  
The aqueous oxidation of galena studied in autoclave 
experiments with nitric acid at different concentrations (0.31–
0.91 M) and temperatures (130–170 °C) showed the galena 
passivation by a small amount of anglesite (PbSO4) on its 
surface (Aydoğan, et al., 2007).  

Galena does not dissolve directly in sulphuric acid, it 
undergoes a surface oxidation reaction that forms an insoluble, 

passivating film of lead sulphate (PbSO4) that effectively halts 
further dissolution (Xie et al., 2021; Xie et al., 2022).   

However, it is widely believed that H2SO4 is not a suitable 
leaching reagent for low-grade Sb ores (Anderson, 2001).  

By contrast, Rahimzoda and coauthors (Rahimzoda et al., 
2024) state that treatment with 1.80 M H2SO4 solution at a solid 
to liquid (S/L) ratio = 1 : 6 and a temperature of 80 ◦C, leaches 
85% of the Sb from a solid pyrometallurgical product obtained 
by calcination of Sb-containing materials with NaCl for 2 h. 
When the HCl solution was used, 75% of the Sb available in the 
same solid material was leached under the same conditions. We 
consider that probably the introduction of chlorides in the system 
during the chlorination roasting process improved the results.  

All of the above leads us to the idea to study (i) whether Sb 
from Bulgarian lead-zinc / polymetallic ores is concentrated in 
the galena concentrate, and (ii) what is the ability of HNO3, 
H2SO4, H2SO4 with the addition of NaCl, and Na2S – NaOH 
solutions to leach Sb from the galena concentrate, while 
dissolving as less lead as possible.  

 
 

Materials and methods 
 

Ore, lead concentrate, zinc concentrate, and flotation 
tailings, obtained from a lead-zinc industry, are used in the 
study, with an emphasis on galena concentrate. Chemical 
analyses of the samples were performed using Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). The solid 
samples were digested with the Aqua Regia - IMS40B method. 
The liquid samples were analysed using the standard addition 
method. In both cases, certified reference materials were used 
in calibrations. The analysis of the solid samples was performed 
by SGS BG Company and of the liquid samples - by the 
Educational and Scientific Laboratory of Trace Analysis: ISP 
Techniques and Radioanalytical Methods – “St. Kliment 
Ohridski University”. The lead concentrate, that was further used 
in leaching experiments, was subjected to an X-Ray Diffraction 
study at the corresponding Laboratory at the University of 
Mining and Geology “St. Ivan Rilski”. Bruker D2 Phaser was 
used at Cu, λ = 1,54184, 30 kV, 10 mA, Two Theta 5°-90°, 
Increment 0,02° and 4191 steps.  

In leaching experiments, a concentrate with particles of size 
+75 - 150 µm was used. Solutions of HNO3, H2SO4, Na2S, 
NaOH, and NaCl were prepared using p.a. grade chemicals and 
distilled water. The solid to liquid ratio was = 1 : 5. Еxperiments 
were carried out in 300 mL glass reactors, ensuring 
simultaneous temperature maintenance and stirring with a 
magnetic stirrer, as well as condensation of the vapours and 
return of water using a reflux condenser. The experimental 
conditions were chosen based on the literature (Anderson, 
2001; Yang, 2017; Dembele et al., 2024) and presented in Table 
1. For each condition, two parallel experiments were conducted 
and the results presented below are averaged. 

 
Table 1. Experimental conditions  

Expt. type Conditions 

1 2M HNO3, 2 h, 50-55 oC 

2 2M H2SO4, 2 h, 50-55 oC 

3 1 M NaCl in 2M H2SO4, 2 h, 50-55 oC 

4 2 M Na2S in 1M NaOH, 2 h, 90-95 oC 

5 
1 M NaCl in 2M H2SO4, 2 h, 50-55 oC 

washing until neutral reaction followed by 2 M 
Na2S in 1M NaOH, 2 h, 90-95 oC 
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The amount of extracted Sb (in %) is calculated using 
equation (1): 

 

Extracted Sb, % = (Sbin liquid / Sbin solid) x 100                            (1) 
 
 

Results and discussion 
 
Table 2 presents the concentrations of Pb, Zn, and Sb in the 

different material streams determined by ICP-MS analysis of the 
solid phase.  

 

Table 2. Concentration of studied metals in the different 
material streams  

 

Material Sb, ppm Pb, % Zn, % 

Ore 9.97 2.89 2.03 

Pb concentrate 149.2 > 65 5.80 

Zn concentrate 7.8 3.80 > 60 

Tailings 4.41 0.22 0.52 
 

The data shown in Table 2 confirm that the lead-zinc ores 
from the studied region contain Sb in amounts higher than its 
average estimated abundance in the Earth's crust, which is in 
the range from 0.2 to 0.5 ppm (https://www.usgs.gov/centers/ 
national-minerals-information-center/antimony-statistics-and-
information). It is clear that Sb is concentrated in lead 
concentrate – nearly 15-fold in this specific case. The results 
from the X-Ray analysis showed that the studied lead 
concentrate was composed mainly of galena, but other 
components were also present - ore phases were represented 

by sphalerite, pyrite and chalcopyrite, and non-mineral phases - 
by kaolinite and quartz (Fig. 1). Most probably, due to the low 
amounts of Sb in the materials, its minerals have not be detected 
by the XRD analysis. 

The results from the leaching experiments, described in 
Table 1, are presented in Table 3. 

 
Table 3. Results from the leaching experiments 

  

Exp. 
type 

Extracted metal, % 

Sb Pb 

1 0.003 1.08 

2 0.0023 0.0018 

3 0.0022 0.05 

4 5.8 0.000003 

5 21.9 0.000002 
 

As can be seen from the data given in Table 3, HNO3 acid 
solution leaches a very low amount of Sb but a high amount of 
Pb, showing that the galena surface is not passivated. The 
finding may be assigned to the presence of pyrite in the sample. 
Zárate-Gutiérrez et al. (2012) proved that the pyrite presence 
modified both the reaction mechanism and the minerals 
dissolution kinetics, accelerating the oxidation of galena by 
depassivating its surface.  

The percentages of leached antimony and lead with a 2 M 
solution of sulphuric acid are not only very low, but also 
approximately the same. This suggests that perhaps the 
destruction of the crystal lattice of galena releases 
isomorphously included antimony.  
 

 

 
 

Fig. 1. Diffractogram of the used lead concentrate 

https://www.usgs.gov/centers/
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The addition of sodium chloride to the sulphuric acid solution 
significantly increases the leaching of lead - about 28 times, 
while practically not changing the leaching of antimony.  

Dembele and coauthors also found a relatively low leaching 
ability of even more concentrated 4 M solutions of H2SO4 and 
HNO3 towards stibnite – 26 and 18 % correspondingly, at a 
temperature of 90 oC, when stibnite flotation tailings were 
leached and the impeding lead was practically not present in the 
raw material (Dembele et al., 2024). As the best leaching 
solution in their case, they found 4.4 M HCl that is not applicable 
when the raw material is mainly galena.  

The use of a sulphide-alkaline solution under the conditions 
of the experiment practically does not leach lead, while the 
leaching of antimony is significant - experiment 4 – Table 3. 
Megaloudi et al. (2021) proposed leaching in a sodium sulphide 
strongly alkaline solution to extract Sb from galena concentrate 
containing Pb (52.89%), S (17.39%), Sb (9.91%), Fe (4.47%), 
As (2.79%), and Zn (1.73%). However, their concentrate 
included Sb in a relatively high concentration, under the form of 
boulangerite and jamesonite. They found that the increase in 
Na2S concentration in the leaching solution and temperature 
caused an increase in Sb extraction, both factors increasing the 
dissolution rate. In addition, an increase in the S / L ratio led to 
a decrease in Sb extraction. About 97-98 % of the antimony 
available were dissolved within 2 h with a solution containing 
1.25 M NaOH and 0.96 M Na2S at 98 oC, but from Sb own ores 
that occurred in the Pb concentrate. The X-ray patterns showed 
that boulangerite peaks disappeared because the mineral was 
dissolved. 

On the other hand, the initial treatment of the sample with a 
solution of sulphuric acid and sodium chloride, followed by 
washing and treatment with an alkaline solution, increased the 
extraction of antimony nearly 4 times, while practically did not 
further dissolve lead, compared to that leached during the initial 
treatment of the sample with the sulphuric acid solution. This 
could be an approach to intensify antimony leaching, while 
reducing lead leaching. All of the above hints that a certain pre-
treatment of a galena concentrate with Cl-ion bearing sulphuric 
acid solution followed by alkaline leaching could enhance Sb 
leaching and deserves further future experiments. The finding is 
partially in line with discoveries of Rahimzoda and coauthors’ 
(Rahimzoda et al., 2024), who achieved 85% leaching of Sb that 
was present in the solid pyrometallurgical product obtained by 
calcination with the NaCl of Sb-containing materials followed by 
leaching for 2 h with 180 g/L H2SO4 solution at a S/L ratio = 1: 6 
and a temperature of 80 ◦C. 
 
 

Conclusions 
 

Based on the studies carried out, the following conclusions 
can be drawn: 

1. It is confirmed that lead-zinc polymetallic ores in the 
Rhodopes region bare Sb in concentrations higher than the 
average Clarke number. 

2. During the flotation beneficiation of lead-zinc ores, Sb is 
concentrated in Pb concentrate. 

3.  At this stage of the research, for the purpose of 
antimony leaching, with minimal leaching of lead, an initial 
treatment of the material with a solution of sulphuric acid 
containing sodium chloride, followed by the material leaching 
with a solution containing sodium sulphide and sodium 
hydroxide is outlined as a possible approach for treating the lead 

concentrate. The results obtained should be considered only as 
proof of concept. For the implementation of the process, a 
number of further experiments with varying the leaching 
conditions (lixiviant concentrations and ratio of dissolved 
reagents, S/L ratio, temperature, stirring rate, particles size of 
the solid material) are needed in order to find the optimal ones. 
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